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Abstract 
Cells of Rhodopseudomonas spheroides were depigmented by aerobic 
growth in the light and then transferred to 4% oxygen in the dark to 
induce pigment synthesis. Pi3xnent synthesis and photochemical activity 
were measured fluororr~etrically. In conjunction with the fluorescence 
studies, thylakoid morphogenesis was followed by electron microscopy 
of thin sections of cells fixed during the repigmentation process. 
Both bacteriochlorophyli and the onset of photochemical activity 
were detected before distinct thylakoids were observed. Subsequent 
bacteriochlorophyll synthesis was associated with a gradual increase in 
the thylakoid content throughout the developmental process. 
The results obtained strong~.y indicate that initially the cytoplasmic 
membrane is modified by pigment incorporation, possibly at specific 
sites, and that the bacteriochlorophyll is photochemically active in the 
pigmented cytoplasmic membrane or in the early stages of invagination. 
Finally, in a confirmation of previous hypotheses, these studies 
provide evidence for the origin of the" thylakoids as a protrusion and 
invagination of the cytoplasmic membrane. This is followed by 
constriction and subsequent proliferation and branching to form a 
continuous membrane system which gives rise to chromatophores upon 
cellular disruption. 
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lmroduction 
Several members of the ,~.thiorhodaceae, including Rhodospirillum (R.) 
rubrurn and Rhodopseudornonas (Rps.) spheroides, can be grown 
aerobically in the light or dark and anaerobically in the light. When cells 
are grown aerobically, bacteriochlorophyll and carotenoid synthesis is 
inhibited and the existing pigment is diluted out [1-8]. Aerobic growth 
in the light enhances this depigmentation process [3].  If a culture which 
has been grown aerobically until it contains little or no pigment is 
transferred either to low oxygen partial pressures in the light or dark or 
to anaerobic conditions in the light, pigment synthesis is induced [2-8]. 
The kinetics of pigment and protein synthesi s as well as many other 
aspects of this developmental process have been studied extensively 
[2-151 . 
Additional studies have led t'.~ the widely accepted hypothesis that the 
photosynthet ic  pigments of these bacteria are located on a tubular 
membrane system which is connected to the peripheral (or cytoplasmic) 
membrane and extends int~ the cell [5, 16-22]. Upon cellular disruption 
this system gives rise to pigmented vesicles, termed chromatophores, 
which can be sedimented by high speed centrifugation.* These structures 
are not found in the depigmented cells grown under high aeration [16, 
17, 21, 23-25].  In general these conclusions were based on the results of 
studies, primarily on R. rubrurn, in which chromatophores and[or thin 
sections were obtained from cells grown under steady state conditions at 
various light intensities, from samples removed at relatively widespread 
intervals from a photosynthetic, culture at a constant light intensity, or 
from rather undefined "semi-aerobic" cultures. 
There have been relatively few investigations on the thylakoids of Rps. 
spheroides [6, 26, 27].  Worden and Sistrom [26] isolated "heavy" and 
" l i g h t "  chromatophorc fractions from cells grown under a variety of 
conditions. They suggested that the light fraction was derived from 
invaginations of the cytoplasmic membrane and the heavy fraction from 
the cell membrane itself. Gorchein et al. [6] reported that during 
adaptation from high to low c~xygen tensions a measurable increase in 
bacteriochlorophyll was nc~t detectable until 2 h after changing 
conditions. They found changes in both protein and phospholipid 
occurred before any pigment o: chromatophores were detectable, that 
pigment and chromatophorc~; were detected simultaneously and that 
they were then synthesized at a:, equal pace. 
We have shown, in earlier studies, that bacteriochlorophyll can be 
detected by a very sensitive fluorescence method within 30 rain after the 
* In this paper the term "thylakoids" is employed to describe the 
membrane-bound system of internal vesicles and invaginations observed in thin 
sections of intact cells. The term "chromatophore" is restricted to the particulate, 
pigmented material isolated after cellular disruption. 
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transfer of totally depigmel~ted cells of Rps. spheroides to semi-aerobic 
conditions [3, 4].  These studies showed that pigment synthesis, its 
incorporation into membranes, and photochemical activity could be 
detected earlier than others had reported for either R. rubrum or Rps. 
spheroides, where the onset of pigment synthesis appeared to be 
simultaneous with the appearance of distinct thylakoids or chromato- 
phores. We report here the morphological changes observed in thin 
sections of cells fixed at regular intervals during intracellular membrane 
formation and correlate these findings with the incorporation of 
bacteriochlorophyll. This wo,k provides additional information on the 
probable site of pigment incorporation in the initial stages of 
bacteriochlorophyll synthesis, c~n the relationship between the peripheral 
or cytoplasmic membrane and intracellular membranes, and a sequential 
view of thylakoid morphogenesis in this organism. The results from a 
number of experiments o~ R. rubrum under static conditions led to the 
hypothesis that thylakoids arise from the cytoplasmic membrane [16, 
17, 19] and this has been supported by a developmental study [5]. The 
work presented here provides morphological evidence for the origin of 
thylakoids from the cytoplasmic membrane in Rps. spheroides as well. 
Materials and Methods 
Cells of the green mutant of Rps. spheroides (strain 2.4.1[Ga)were 
grown on modified Hutner's medium [2] using malate as the carbon 
source. The initial depigmentation under aerobic conditions in light, 
induction of pigment synthesis by transfer to 4% oxygen (semi-aerobic 
conditions) in the dark, removal of samples, instrumentation and 
determination of fluorescence spectra were as described previously [3] 
with the following modifications: The  culture volume was increased to 
400 ml and, in additio,~ to the samples removed for fluorescence 
measurements, a 10 ml sample was removed at each interval for fixation 
and electron microscopy. The cells to be fixed were centrifuged as 
described previously and resuspended for 1 h in 2% glutaraldehyde in 
0.05 M phosphate buffer (plt 6.8), to which one drop each of 0.1 M 
CaC12 and 0.1 M MgClz were added to give a concentr.ation of about 
6 x 10 -s M. They were theli recentrifuged, washed twice with the 
phosphate buffer, postfixed by resuspending in unbuffe?ed 2% KMnO4 
for 2 h, centrifuged and washed with glass-distilled water until the 
supernatant was clear. The pellet of cells was resuspended in 0.3-0.5 ml 
of 2% agar solution at 45 ~ , drawn up into the narrow region of a Pasteur 
pipette, allowed to solidify,, and blown out onto a clear glass microscope 
slide. The agar cylinder thus formed was cut at 2-4 mm intervals and 
dehydrated by passage through an ethanol series. The ethanol was 
removed by two washes ip propylene oxide and the cylinders were 
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carried through an infiltration series in a desiccator using ratios of 1 : 3, 
1 : 1, and 3 : 1 (v/v) epon mixture [28] : propylene oxide for 1 h each. 
They were then transferred tO pure epon mixture and allowed to remain 
overnight under desiccati,,n. Finally, individual cylinders from each 
sample were embedded in fresh epon mixture and heat cured. 
Early in these investigations a single photosynthetically grown culture 
was subjected to several d:dferent fixations [29].  The glutaraldehyde- 
KMnO4 system was employed in subsequent studies since it was found 
to result in good membrane preservation with a minimum preservation of 
ribosomal material which, as has been shown previously [16],  tends to 
obscure the thylakoid membranes. 
Sections were cut on a .%orvall MT-2 ultramicr,,tome using a diamond 
knife, mounted on uncoated 300 ,~r 400 mesh copper grids and stained 
for 5 min with lead hydroxide [30].  Electron micrographs were obtained 
with an RCA EMU 4 or a Phi!ips 200 electron microscope operating at 
50 and 80 kV respectivel3,. 
Results 
Figure la shows the growth rate and the fi,rmation of bacterio- 
chlorophyll when a culture which has been t~tally dcpigmented by 
aerobic growth in the light i~ transferred to 4% oxygen in the dark. 
Figure lb shows the changes in the relative fluorescence yield, in vivo, 
and the changes in the relative effect of dithionite addition during the 
repigmentation process. We have previously presented this type of study 
in detail [3] .  We have included these data here for purposes of clarity 
and because they refer specifically to the culture on which the electron 
microscopic observations were made. They show that the growth rate is 
unaffected by the change in oxygen partial pressure or light intensity and 
that bacteriochlorophyll is detectable within 30 min after the change of 
growth conditions, increases rapidly during the first few hours, and then 
begins to level off and parallcl the growth rate of the culture. There i s  
also a bacteriochlorophyl! c~mpCmcnt which has n . t  yet been 
incorporated into the membrane [3, 29]. This comp,ment appears 
simultaneously with r slightly precedes the b ,und  bactcriochl,~rophyll, 
initially increases at the same rate,  but begins to platcau earlier. We have 
suggested that this ullbourad bucteriochlorophyll is the final pr,~duct ,,f 
the bacteriochlorophyll bic~syv, thetic pathway and is in a "por fr~Jm 
which it is then incorporated intc~ the membrane [3].  
Within 1-1.5 h after the induction of pigment synthesis, the values of 
the fluorescence yield and dithionite effect, which measure the 
interaction between the photosynthetic pigment system and the electron 
transport pathway(s) [3, 29] (Fig. lb) are equivalent to the values 
obtained for fully pigmented, photosynthetically grown cells. This 
THYLAKOID FORMATION IN RES. SPHEROIDES 349 
indicates that normal, functional photosynthetic capacity of the bound 
bacteriochlorophyll present in the cells has been attained [3, 29]. The 
carotenoids are incorporated into the photosynthetic apparatus 
simultaneously with the bacteriochlorophyll [3]. 
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Figure 1. a. The  g rowth  rate and  increase of f luorescence in tens i ty  dur ing  
bac te r ioch lorophyl l  f o rma t ion  in rep igment ing  cells of  Rps. spheroides, growth  
rate as d e t e r m i n e d  by O.D.~B0nra ; an O.D. of 0.1 cor responds  to app rox ima te ly  
2 x l 0  s cel ls/ml . . . . . .  and in tens i ty  of  the m e m b r a n e - b o u n d  (885 nm)  and  
u n b o u n d  ( 7 9 0 n m )  bac te r iock lorophyl l  f luorescence in vivo respectively f rom 
590 n m  exc i ta t ion ,  . . . .  in tens i ty  of  the  total bac te r ioch lorophyl l  f luorescence  
emiss ion  (785 rim) in a m e t h a n o l / a c e t o n e  ex t rac t  f rom 595 n m  exc i ta t ion  [3, 41 . 
The  values  for  all f luorescence  c o m p o n e n t s  have been  divided by the  O.D.95Onmof  
the  given sample  in order to p resen t  the increase in bac te r ioch lorophyf l  on an 
a p p r o x i m a t e  per  cell basis,  b. The  i:lcrease in the  d i th ioni te  effect  (the ratio of  the 
f luorescence  in tens i ty  of  the  b o u n d  bac ter ioch[orophyl l  after d i th ioni te  addi t ion  to 
tha t  before  addi t ion)  . . . . .  and  the  decrease in the relative f luorescence  yield in vivo 
. . . . .  The  vertical bars  indicate the  unce r t a in ty  in the  values as de t e rmined  f rom the 
noise level of  the  pho t omu l t i p l i e r  tube.  
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Representative electron micrographs of  thin sections o f  cells at several 
stages o f  the repigmentat ion process are presented in Figs. 2-9. The 
totally depigmented cells are typically devoid of  a thylakoid system 
(Fig. 2). After  40 min (Fig. 3) and 60 rain (Fig. 4) pigment is detectable 
(cf. Fig. l a ) ,  bu t  the m?,jority of  t h e  cells are morphological ly  
indistinguishable f rom those observed prior to the induct ion of  pigment  
synthesis. Areas in which the cytoplasmic membrane  prot ruded slightly 
into the cytoplasm were detected in a few of these cells. Rarely,  a small 
vesicle cont inuous  with the cytoplasmic membrane  or poor ly  defined 
membranous  structures were observed at the end of  a cell. 
The protrusions seen after 40 and 60 rain were observed more 
f requent ly  after additional semi-aerobic growth.  This is quite apparent  in 
the cross section of  cells after 100 min (Fig. 5a). We interpret these 
areas to be an initial stage in t h e  invagmation of  the cytoplasmic 
Figure 2. Section of Rps. spheroides bleached by exponential growth in air and 
light for 95 h. Bacteriochlorophyll content less than 0.1 ng]ml culture. The large 
spherical granules presumably contairled poly-~-hydroxybutyrate. Marker lines on 
this and subsequent figures are equivalent to 0.2/1. 
Figure 3. Section of Rps. spheroides 40 min after transfer of culture shown in 
Fig. 2 to semi-aerobic conditions in the dark. Bacteriochlorophyll content 0.7 ng/ml 
culture. 
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Figure 4. Section of Rps. st~heroides 60 min after transfer to semi-aerobic 
conditions in the dark. Bacteriochlorophyll content  3.7 ng/ml culture. 
Figure 5. A transverse section (a) and longitudinal section (b) of Rps. spheroides 
100 rain after induction of pigment synthesis. Arrows in (a) indicate some sites at 
which protrusions are prese~at~ "l'he ~:ell in (b) is representative of the higher number  
of internal vesicles (arrows) Observed in any cell at this interval. Bacteriochlorophyll 
content  13 ng/ml culture. 
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membrane to form thylakoids. Other than such protrusions, the majority 
of the sections at this intecval revealed only a single peripherally located 
internal vesicle or were morphologically identical to those observed after 
40 and 60 min. Longitudinal sections of a few cells did, however, reveal 
up to three internal vesicles m close association or clearly continuous 
with the cytoplasmic membrane (Fig. 5b). At this stage the 
bacteriochlorophyll in the cells has attained normal photochemical 
activity, as mentioned earlier. The exceedingly low thylakoid content of  
these cells, which contain 15 times more bacteriochlorophyll per cell 
than those after 40 min, suggests that the formation of distinct 
thylakoids lags behind the il,crcase in cellular pigment content during the 
initial stages of the repigmentation process. 
Cells which have been growing semi-aerobically for 2.3 h (Fig. 6) and 
3 h (Fig. 7) exhibit a very gradual increase in the number of internal 
vesicles but contain approximately 25 and 40 times more extractable 
Figure 6, Section of Rps. spheroides 140 min after the induction of pigment 
synthesis. Bacteriochlorophyll content  24 ng/ml of culture. 
Figure 7. Section of Rps. spheroides 3 h after induction of pigment synthesis. 
Bacteriochlo~'ophyll content  42 ng/ml culture. Continuity of stalked thylakoid with 
cytoplasmic membrane is designated by arrow. 
THYLAKOID FORMATION IN RPS. SPIIEROIDES 353 
bacteriochlorophyll per cell, respectively, than those after 40 rain 
(Fig. 3). The increase ill thylakoid content is seen to occur 
predominantly as a result of an increase in the number of invaginations 
and internal vesicles around the periphery of the cell rather than as a 
result of an extended proliferation of a few previously existing vesicles. 
The continuity of the vesicles and the cytoplasmic membrane is clearly 
seen in Fig. 7. This cell is representative of the higher level of internal 
vesicles and protrusions observed at this stage. After 7.2 h of 
semi-aerobic growth (Fig. 8~, b ) t h e  cells contain approximately I00 
t imes more extractable bacterii~chlorophyll than the cell shown in Fig. 3. 
There is a further gradual increase in the thylakoid content,  and only a 
few cross sections of cells, as in Fig. 8a, reveal a plane of a single cell 
devoid of any internal vesicles. Tn addition to the gradual increase in the 
number of internal vesicles at this stage, a second aspect of thylakoid 
morphogenesis is seen to occur. While new protrusions and invaginations 
are forming at the cytoplasmic membrane, as indicated by the single 
arrows in Fig. 8a, and wbile there are typical internal vesicles showing 
Figure 8(a,b),  Sections of Rps. spheroides gTown semi-aerobically f o r  7.2 h. 
Bacteriochlorophyll content 144 ng]ml culture. Arrows explained in text. 
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continuity with the cytoplasmic membrane, there is also an increase in 
the penetration of some of the thylakoids into the cytoplasmic area 
which is accompanied by a proliferation or branching. The double arrow 
in Fig. 8a illustrates a thylakoid in which this aspect is clearly seen and 
also shows the continuity via a stalk to the cytoplasmic membrane. The 
double arrow in Fig. 8b illustrates this phenomenon in another plane in 
which the thylakoid appears as a dumbbell-shaped structure free in the 
cytoplasm. 
The small number of thylakoids reflects the relatively low pigment 
content  imposed by these experimental conditions in which growth is 
achieved through oxidative metabolism and the extent of bacterio- 
chlorophyll synthesis is determined by the oxygen partial pressure [2, 8, 
9, 16]. Growth under photosynthetic conditions results in a further 
increase in the pigment content and in the internal membrane system, 
the amount depending on the light intensity [10, 16, 26, 31].  For 
example, a thin section of a cell grown under anaerobic conditions at 
moderate illumination (about 7 • 104 erg/cm2-sec) and possessing over 
200 times more bacteriochlorophyll than any of the cells shown 
previously is presented in Fig. 9. While the number of internal vesicles, 
Figure 9, Sections of Rps. spheroide.s grown anaerobically at moderate light 
intensity. Areas of thylakoid continuity with the cytoplasmic membrane and 
proliferating vesicles are indicated by arrows. Bacteriochlorophyll content 70.4 btg/ml 
culture. 
most of which appear to be free in thc cytoplasm, is much greater, 
various stages of invagination showing continuity with the cytoplasmic 
membrane and branching and c~mncctions between vesicles, as indicated 
by arrows, can also be observed. 
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Discussion 
On the basis of these observations the process by which thylakoids are 
formed can be summarized as follows: 
(a) As shown here and by other investigations [6, 16, 17, 21, 23-25], 
cells which have been totally depigmented are devoid of typical 
thylakoids. 
(b) After transfer to low oxygen tensions in the dark, there is initially 
a rapid synthesis and incorporation of the photosynthetic pigments into 
membrane. This initial incorporation of pigment and the onset of 
photochemical activity are not directly correlated with the formation of 
distinct thylakoids. 
(c) A subsequent increase in pigment is accompanied by a gradual 
increase in the number of internal vesicles. These thylakoids clearly arise 
from the cytoplasmic membrane. Initially they appear as simple 
protrusions, then they invaginate and become constricted, resulting in a 
stalked more or less spherical vesicle which is open at the cell wall end. 
Finally these vesicles penetrate more deeply into the cytoplasm, often 
assuming a tubular appearance and proliferate into a branched network. 
New protrusions continue to arise at other areas of the cytoplasmic 
membrane and the process is repeated. This process is illustrated 
schematically in Fig. 10. 
cw-+ 
a b c d 
Figure 10. Schemat ic  i l lus t ra t ion o f  invaginat ion o f  cy top lasmic  m e m b r a n e  to 
f o rm  thy lakoids ,  a, Pro t rus ion  o f  cy top lasmic  m e m b r a n e ;  b, invaginat ion;  c, 
cons t r i c t ion  at cell wall end ;  d, pro l i fera t ion  and  new pro t rus ion ,  cm  --- cy top lasmic  
m e m b r a n e ;  cw = cell wall;  t m  = thy l ako id  m e m b r a n e .  
The data which show that the incorporation of pigment into 
functional membrane occurs prior to the formation of distinct 
thylakoids and, by definition, prior to the formation of isolatable 
chromatophores are of particular interest. They lead to the conclusions 
t h a t  in the initial stage of the repigrnentation process pigment is 
incorporated into the cytoplasmic membrane, possibly at specific sites, 
and that the thus modified cytoplasmic membrane and]or its 
protrusions, which appear to be the initial stages of invagination, are 
capable of energy transfer and photochemical activity. Even after 
100 min of semi-aerobic growth, the majority of ceils are characterized 
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by initial stages of invagination at best and possess few or no distinct 
vesicles (Fig. 5a). Those vesicles which are present in a few ceils are 
located at the periphery of the cell in close association or clearly 
continuous with the cytoplasmic membrane (Fig. 5b). 
The finding that photochemical activity develops simultaneously with 
the incorporation of bacteriochlorophyll suggests that the other 
components of the electron transport chain and the enzymes concerned 
with their synthesis are already present in the cytoplasmic membrane. 
This is indicated by both the rapidity with which photochemical activity 
is attained and the fact that one does not observe an immediate increase 
in the amount  of membrane. Under semi-aerobic conditions in the dark 
the growth of these organisms is dependent upon oxidative metabolism. 
Therefore, it is possible that, under these conditions at least, the 
bacteriochlorophyll initially incorporated into the cytoplasmic 
membrane interacts with the existing oxidative electron transport 
system. 
It is also of interest to note in Fig. 1 that initially the unbound 
bacteriochlorophyll increases at a rate equivalent to or slightly Easter 
than the bound bacteriochlorophyll but after about 1.5-2 h the unbound 
form begins to level off while the bound form continues to increase. A 
possible explanation for this is that at first pigment is synthesized faster 
than it can be incorporated into membrane at the existing rate of 
membrane synthesis and that after 1.5-2 h the rate of synthesis of 
membrane components,  possibly specific for thylakoid formation, has 
increased to paral[el more closely that of pigment synthesis. This would 
be expected to result in a leveling off of the unbound pigment, a 
continued increase in the bound pigment, and an increase in membrane 
resulting in definite invaginations of the cyt~plasmic membrane and the 
formation of  distinct interna[ vesicles, all of which we observed. 
Although our results cann~Jt resolve whether pigment is incorporated 
uniformly into the entire cytoplasmic membrane or ~nly into specific 
sites at which invagination then ~ccurs, there are several factors which 
indicate that the latter is nlore probable. First, as presented here and in 
more detail previously [3] ,  energy transfer and activity o f  the 
photosynthetic reaction centers occurs ncarly simultaneously with the 
incorporation of pigment. Therefi)re, even at extremely low pigment 
densities the carotenoids, bulk chlorophyll, and reaction center pigment 
molecules must be incorporated within 50-100 A of one another, the 
distance required for significant energy transfer [321. An estimate of the 
total membrane surface area per cell pri~,r t~, the formation of internal 
vesicles can be obtained from the cell dimensions. We used an average 
cell length of 2/~ and an average diameter of 0.5 ~u. Frc~m the membrane 
area, the number of cells per ml of culture and the bacteri~chlorophyll 
concentration, we estimate average values of (220 A) 2, (127 A) 2 and 
(96 A) 2 of membrane surface area per rn~Aecule ~f bacteri,,chl~,rophyll 
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at the 60, 100 and 140 rain stages, respectively. Significant energy 
transfer would not be expccted to occur if the pigments were distributed 
uniformly throughout the cells of the culture with this spacing. The 
pigment molecules, therefore,  are more likely incorporated at discrete 
sites and not at random around the total membrane surface. Second and 
consistent with the above, our data indicate that after 90 min of 
semi-aerobic growth the relative distribution of reaction centers to the 
bulk pigments is such that photochemical utilization of the absorbed 
excitation energy is equivalent to that found in fully pigmented cells. 
This also implies that even at these very low pigment densities there are 
"photosynthetic membrane areas" comparable to those in fully 
pigmented cells. Third, we find that although the formation of distinct 
vesicles and their increase in number is not initially proportional to the 
increase in pigment, there is a subsequent gradual increase in the number 
of internal vesicles. These vesicles were found to arise from invaginations 
around the total periphery of the cell. Furthermore, in subsequent stages 
of development, when some vesicles had begun to penetrate more deeply 
into the cytoplasm and to proliferate, new invaginations continued to 
occur. This is most easily explained if new sites of pigment synthesis and 
incorporation are constantly arising around the cytoplasmic membrane. 
If pigment is incorporated at discrete sites which then invaginate, it raises 
an interesting question as to the type of control mechanism involved. 
Are new sites continually being synthesized, is there a controlled 
activation of previously existing sites, or do both occur? 
Pigment synthesis and the attainment of photochemical activity have 
usually been associated with the formation of an isolatable 
chromatophore fraction in both Rps. spheroides and R. rubrurn. Our 
results, using the increased sensitivity of fluorescence measurements, 
clearly indicate that functional pigment incorporation precedes 
significant membrane formation in Rps. spheroides. These results are not 
inconsistent with reports that purified chromatophores from both R. 
rubrurn [34] and Rps. spheroides [33] have a constant composition 
when isolated from cells of different pigment content, and that the 
purified chromatophore is a stoichiometric complex of pigment and 
other membrane constituents. Although we find an initial lack of 
correlation between pigment and internal vesicle number, we have 
attributed this to an increase in the number of new sites of incorporation 
arising within the cell. Once an invagination and the formation of a 
distinct vesicle has occurred, the subsequent incorporation of pigment 
may well occur stoichiometrically. Furthermore, Oelze et al. [5] have 
reported that in repigmenting R. rubrum pigment is also initially 
incorporated into membrane without  the t'ormation of internal vesicles 
or isolatable chromatophores. In a second phase, chromatophores were 
isolated but their specific bacteriochlorophyll content increased with 
increasing cellular pigment content, and only in the final phase of 
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d e v e l o p m e n t  did the  specific bac te r ioch lo rophyl l  con t en t  o f  the 
ch romatophores ,  which  were larger in d iameter  than those of  the second 
phase,  remain constant .  A mechanism of p igment  incorpora t ion  such as 
this could also occur  during rep igmenta t ion  in Rps. spheroides in light of  
the very similar sequence involved in the initial stages of  thy lako id  
morphogenes is  in the two organisms. 
A c k n o w l e d g e m e n t s  
The authors would like to thank D:. Gordon McBride and Mr. Edward Allen at the 
University of Michigan for their advice during the course of this study. We are 
indebted to Dr. Dan Raveed at the Kettering Laboratory for his expert assistance in 
obtaining several electron micrographs, We also thank Mr. Steve Dunbar and the 
photography unit at the Kette:ing Laboratory for their excellent services. 
This work was supported in part by a grant from the National Institutes of Health 
(BM 14035) to Professor John R. Platt and by a grant from the Faculty Research 
Fund of the Horace H. Rackham School of Graduate Studies. During this research 
G.A.P. was an N.D.E.A. Title IV predoctoral fellow. 
References  
1. C. B. van Niel, Bact. Rev., 8 (1944) 1. 
2. G. Cohen-Bazire, W. R. Sirtrom and R. Y. Stanier, J. Cellular Comp. PhysioL, 49 
(1957) 25. 
3. R. A. Cellarius and G. A. Peters, Biochim. Biophys. Acta, 189 (1969) 234. 
4. R. A. Cellarius and G. A. Peters, Photochem. Photobiol., 7 (1968) 325. 
5. J. Oelze, M. Biedermann, E. Freund-M~lbert and G. Drews, Arch. MikrobioL, 66 
(1969) 154. 
6. A. Gorchein, A. Neuberger and G. tt. Tait, Proc. Roy. Soc. (London), B., 171 
(1968) 111. 
7. M. Biedermann, G. Drews, R. Marx andJ. Schr6der, Arch. Mikrobiol., 56 (1967) 
133. 
8. J. Lascelles, Biochern. J.. 72 (1959) 508. 
9. W. R. Sistrom, f .  Gen. MicrobioL, 28 (1962) 599. 
10. W. R. Sistrom, ]. Gen. Microbiol., 28 (1962) 607. 
11. K. D. Gibson, A. Neuberger and G. tt. Tait, Biochem. J., 83 (1962) 539. 
12. K. D. Gibson, A. Neuberger and G. H. Tait, Biochem. ]., 88 (1963) 325. 
13. J. Lascelles and J. F. Szilagyi, J; Gen. Microbiol., 38 (1965) 55. 
!4. E. Gray, Biochim. Biophyx. Acta, 138 (1967) 550. 
15. J . J .  Ferretti and E. D. Gray, J. Bacteriol., 95 (1968) 1400. 
16. G. Cohen-Bazire and R. Kunisawa, J. Cell Biol., 16 (1963) 401. 
17. E. S. Boatman,J. CellBiol., 20 (1964) 297. 
t8. M. C. Karunah-atnam, J. Spizizen and H. Gest, Biochim. Biophys. Acta, 29 
(1958) 649. 
19. S. C. Holt and A. G. Marr,]. Bacteriol., 89 (1965) 1402. 
20. D. D. Hickman and A. W. Frenkel, J. Cell Biol., 25 (1965) 279. 
21. J. Oelze, M. Biedermann and G. Drews, Biochim. Biophys. Acta, 173 (1969) 
436. 
22. J. Oelze and G. Drews, giochim. Biophys. A cta, 173 (1969) 448. 
THYLAKOID FORMATION IN RPS. SPHEROIDES 359 
23. H, K. Schachman, A. B. Pardee and R. Y. Stanier, Arch. Biochem. Biophys., 38 
(1952) 245. 
24. A. E. Vatter and R. S. Wolfe,)'. Bacteriol., 75 (1958) 480. 
25. A. Gorchein, A. Neuberger and G. H. Tait, Proc. Roy. 8oc. (London)~ B, 170 
(1968) 224. 
26. P. B. Worden and W. R. Sistrom, ]. Cell Biol., 23 (1964) 135. 
27. K. D. Gibson, J. Bacteriol., 90 (1965) 1059. 
28. M. Sporn, T. Wanko and W. Dingman, J. Cell Biol., 15 (1962) 109. 
29. G. A. Peters, Thesis, Univ. of Mich., 1970. 
30. G. Millonig, J. Biophys. Bio:hem. Cytol., 11 (1961) 736. 
31. G. Cohen-Bazire and R. Kunisawa, Proc. Nat. Acad. Sci. U.S., 46 (1960) 1543. 
32. Th. F~rster, Disc. Faraday Soc., 27 (1959) 7. 
33. A. Gorchein, Proc. Roy. So:. (London), B, 170 (1968) 247. 
34. S. C. Holt and A. G. Marr, J. Bacteriol., 89 (1965) 1421. 
